ABSTRACT: We investigated the effects of development temperature and pantophysin (PanI) genotype on muscle fibre recruitment in Atlantic cod Gadus morhua L. reared under controlled laboratory conditions. Fertilized eggs of farmed cod originating from the Norwegian coastal (NC) and northeast Arctic stock (NEA) were incubated at 4, 6 or 8°C until hatching. At hatching, the number of fast myotomal muscle fibres (determined at 0.7 standard length) was generally greater at higher rearing temperature (10.4% greater at 8 than at 4°C in NEA cod) and was greater for NC than for NEA populations (32.7% greater at 4°C). After first feeding, the temperature groups were reared under identical feeding and environmental conditions until the final number of fast myotomal muscle fibres was reached by adult fish. Development temperature and PanI genotype affected the final number of myotomal muscle fibres (FFN) in adult cod. In the NEA population, FFN was 11% higher at 4°C (92 000 ± 4000 SE, n = 13) than at 8°C (83 000 ± 3000 SE, n = 20), reversing the trend seen at hatching. Analysis of the NEA population revealed that FFN was 16% higher in PanI BB (n = 19) than in PanI AB (n = 27) genotypes (Tukey's test; difference of means ± SE: 12 900 ± 3400; p = 0.001). Results indicate association between the PanI locus and the gene(s) regulating the final muscle fibre number, and also demonstrate persistent effects of embryonic environment on adult muscle phenotype.
INTRODUCTION
The Atlantic cod Gadus morhua L. is distributed on the continental shelves and banks on both sides of the North Atlantic Ocean. Identification of stocks remains controversial, although there is evidence of considerable population sub-structuring over small geographic scales (reviewed in Imsland & Jónsdóttir 2003) . In Norwegian waters, 2 major populations have been identified -the Norwegian coastal (NC) and the northeast Arctic (NEA) stocks. NEA cod migrate from feeding areas in the Barents Sea and near Svalbard to spawn along the Norwegian coast, most importantly near the Lofoten Islands (Brander 1994) . Although NC and NEA cod may simultaneously be present at the same local spawning ground, they probably do not mix randomly (Nordeide 1998) , and may have pre-mating mechanisms that reduce or prevent interbreeding between populations (Nordeide & Folstad 2000) . The polymorphic pantophysin (PanI) locus, which encodes an integral membrane protein of unknown function, has been particularly useful in discriminating among populations in the northeast Atlantic (Pogson et al. 1995 , Pogson 2001 , Case et al. 2005 . The frequencies of the identified PanI A and PanI B alleles show extensive differentiation between cod populations (Karlsson & Mork 2003 , Pogson & Fevolden 2003 , with salinity, depth and particularly temperature identified as potential environmental factors driving selection (Case et al. 2005) . The frequency of the PanI B allele was found to be much higher in northeast Arctic (0.90) than in coastal (0.19) cod populations (Fevolden & Pogson 1997) . The somatic growth of the PanI BB genotype was found to be lower than that of the PanI AA genotype in several wild populations without elucidating the specific effects of genetic and environmental factors (Fevolden & Pogson 1997 , Jónsdóttir et al. 2002 . By studying the offspring of 3 Atlantic cod families in a controlled laboratory experiment, Case et al. (2006) recently showed that larvae carrying the PanI AB genotype exhibited higher weight and length than PanI BB larvae.
The number of muscle fibres is one of a number of morphological traits (see Greer-Walker et al. 1972) which, along with meristic characters such as vertebrae number (Løken et al. 1994) , show differentiation between populations, and are known to have a genetic and developmental origin (Hempel & Blaxter 1961 , Johnston 2006 . The temperature prior to hatching has been shown to affect the timing and intensity of muscle hyperplasia as well as fibre size in larval stages in a number of marine fishes including the Atlantic herring Clupea harengus (Johnston et al. 1998) , plaice Pleuronectes platessa (Brooks & Johnston 1993) , sea bass Dicentrarchus labrax (López-Albors et al. 2003) , Atlantic cod (Hall & Johnston 2003) and haddock Melanogrammus aeglefinus (Martell & Kieffer 2007) . The effects of embryonic temperature on fibre number were no longer apparent following metamorphosis in sea bass (López-Albors et al. 2003) , but persisted in Atlantic herring (Johnston et al. 1998) . In Atlantic salmon Salmo salar, early thermal experience produced up to a 20% difference in the final fibre number (FFN) between temperature treatments in the adult fish , Macqueen et al. 2008 . Phenotypic variation in final fibre number is of importance to the physiology of the whole organism since it is likely to affect growth rate and routine energy requirements (Johnston 2006) .
The Atlantic cod is one of the most valuable commercial species of the northern Atlantic region, and wild stocks are currently in decline (Walters & Maguire 1996) . Recently, considerable effort has been expended in developing an aquaculture technology for the Atlantic cod. In this context, it is important to investigate growth traits such as FFN under controlled conditions, particularly as fibre density is correlated with flesh firmness in some species (Johnston et al. 2000a ). The present study aims to investigate the influence of both development temperature and PanI genotype on muscle fibre recruitment in coastal and northeast Arctic cod populations. (Gjerde et al. 2004) . Fertilized eggs were obtained on 18 March 2005 from mass spawnings of fish held in 14 m 3 tanks at Akvaforsk, Averøy, on the west coast of Norway. The first cell divisions were microscopically examined, and high-quality eggs were immediately transferred to Akvaforsk, Sunndalsøra, for incubation in seawater (33 ppm) in 17 l cylindrical fibreglass units placed in the dark. Both NEA and NC eggs were incubated in duplicate tanks at either 4, 6, or 8°C until hatching. After hatching, the larval groups were transferred to duplicate 33 l black cylindrical tanks at 8°C and fed a commercial starter feed enriched with rotifers and Artemia spp. as described by Gjerde et al. (2004) . First feeding took place at 17, 22 and 30 d post-fertilisation for the 8, 6 and 4°C treatments, respectively. Due to high mortality during this critical period, the number of coastal cod from the 4 and 8°C incubation groups was greatly diminished, and had to be excluded from the study. Metamorphosed larvae were transferred to 80 l tanks and weaned onto dry feed as described by Gjerde et al. (2004) . The criterion used for the identification of metamorphosis was the appearance of fin rays in the dorsal and ventral unpaired fins (Galloway et al. 1999) . The fish were passiver integrated transponder (PIT)-tagged at a mean weight of 20 g and kept separate in duplicate groups until transfer to a 120 m 3 sea cage at Akvaforsk, Averøy. Fish were sampled (n = 10 tank -1 population Analysis of muscle growth. Larvae were over-anaesthetized in MS-222, fixed overnight in 4% (m/v) paraformaldehyde in phosphate-buffered saline (PBS) containing 10% (m/v) sucrose, and stored in PBS containing 0.1% (m/v) sodium azide. A section of trunk muscle corresponding to 0.4 to 0.8 standard length (SL, measured from the tip of the snout to the posterior end of the last vertebrae) (see Fig. 1a ) was frozen in isopentane cooled to its freezing point in liquid nitrogen (-159°C). Juvenile and adult cod were euthanized by hitting the head and pithing the brain. A 0.5 mm thick transverse section through the trunk muscle at 0.7 SL was prepared and photographed. Sufficient blocks were prepared in order to sample all of the muscle on one side of the trunk (1 block in the smallest fish and up to 8 blocks in the largest fish). Frozen sections from larval and juvenile/adult stages were cut at 8 µm on a cryostat (Leica Microsystems, CM1850). All sections were mounted on poly-L-lysine-coated slides and air dried for storage at -80°C.
MATERIALS AND METHODS

Fish
The distribution of fast muscles was investigated by staining sections with Harris's haematoxylin, succinic dehydrogenase and glycogen, and that of slow muscle myosin with the S58 antibody as described in Johnston et al. (2004) . This enabled us to identify fields of pure fast muscle fibres for quantification of fibre size in the sections stained with Harris's haematoxylin. The total cross-sectional area of the fast muscle in the myotome was determined from digital photographs of sections (larvae) and the whole trunk cross-section (juvenile/ adult stages). The outlines of all the fast muscle fibres per field (0.15 mm 2 ) within a randomly selected square grid were digitized using SigmaScan Pro image analysis software (SYSTAT). For larvae, all the fast muscle fibres in one half of the trunk were quantified. For juvenile and adult fish, a total of 1000 fibres evenly distributed among the total number of blocks were measured per fish. Muscle fibre number and diameter were estimated as described in Johnston et al. (1999) .
Determination of the final fibre number in adult cod. Adult fish that had no fast myotomal muscle fibres with diameters of 10 µm or less were considered to have reached the FFN. Approximately 2/3 of the September 2006 sample and all of the fish from the February 2007 sample fulfilled this criterion. Data on muscle fibre diameter are not reported for adults because of the confounding effects of mixed ages and sizes of fish.
Determination of pantophysin (PanI) genotypes. PanI genotyping was done using a PCR-based assay to score polymorphism at the DraI site in the third intron of the gene as described by Fevolden & Pogson (1997) . Total DNA was extracted from 25 mg of dorsal fin clip using a DNeasy ® kit from Qiagen. The following forward (5'-TTGGTCCTCTATCTGGGCTTCG-3') and reverse (5'-CGTAGCAGAAGAGTACACAT-3') primers were used for amplifications. PCR products were digested with DraI and visualised on 2% (m/v) agarose gels stained with ethidium bromide.
Statistics. The body length and mass of larvae were analysed in Minitab using a General Linear Model 2-way ANOVA, with population and development temperature as fixed factors and tank as a random effect. Data on larval muscle fibre number and diameter were analysed in R using the library nlme (Pinheiro & Bates 2000) , with a model incorporating population and developmental temperature, and using tank as a random blocking factor. Since the distributional properties of the data on fibre diameter did not conform with the ANOVA assumption of variance homogeneity despite transformation or incorporation of a standard linking function, subsequent analysis was performed on the ranks. The data on FFN in adult cod was analysed using a model incorporating population, development temperature and PanI genotype. FFN conformed with the assumptions of ANOVA without transformation.
The data for the NEA population was also modelled separately to avoid the confounding effects of population and PanI genotype. The p < 0.05 level was used to establish statistical significance.
RESULTS AND DISCUSSION
Larvae
The distribution of slow and fast muscle fibres and the diameters of fast muscle fibres are shown in Fig. 1 . Muscle fibre production (hyperplasia) in the fast myotomal compartment of teleosts occurs in 3 distinct, but often overlapping phases: embryonic myogenesis, stratified hyperplasia (SH) and mosaic hyperplasia (MH) (Rowlerson & Veggetti 2001 , Johnston 2006 ). There was no evidence that SH had started in cod larvae at the hatching stage based on the distribution of fast muscle fibre diameters (Fig. 1b) , in agreement with a previous study (Galloway et al. 1998 ). This indicates that all the fast muscle fibres present in the myo- tomes at hatching were derived from embryonic myogenesis. Preliminary statistical analysis showed no differences between replicate tanks (p = 0.24), hence the effect of tank was ignored in subsequent analyses. Egg incubation temperature influenced larval fork length (FL) (Fig. 2a ) and the total cross-sectional area (TCA) of fast myotomal muscle fibres (not shown). For example, in the NEA population FL was 20% greater at an incubation temperature of 4°C than at 8°C (p < 0.001), whereas TCA was 15% less at 4°C than at 8°C (p < 0.001) (not shown). In the NEA population, FL was 9.5% higher in larvae from eggs incubated at 4°C than those at 8°C (p < 0.05) (Fig. 2a) , whereas the TCAs at both temperatures were similar (not shown). The number of fibres in larvae was analysed using ranks due to the distributional properties of the data, and both development temperature (F 2,88 = 7.46; p < 0.0001) and particularly population (F 1,88 = 41.0; p < 0.0001) were significant factors in the model, although their interaction was not significant. For both populations, the number of fast muscle fibres was greater at higher development temperature, i.e. 10.4 and 15.6% greater at 8 than at 4°C in NEA and NC populations, respectively (Fig. 2b) . There was also a significant interaction between development temperature and population for the average fibre diameter in larvae (F 2,88 = 4.60; p < 0.001) (Fig. 2c) . In a previous study involving farmed cod of western Scottish origin, no significant differences in number of fibres at hatching were found for incubation temperatures of 4 and 7°C, whereas the 10°C treatment resulted in ~14% more muscle fibres (Hall & Johnston 2003) . This suggests that the reaction norm of larval fibre number with respect to the embryonic temperature regime differs in different populations, as was previously shown for the Atlantic herring (Johnston et al. 1998 ) and the Atlantic salmon (Johnston et al. 2000b ).
Adult fish
The third and final stage of myogenesis in fast muscle is mosaic hyperplasia, involving the activation of myogenic progenitors residing throughout the myotome (Rowlerson & Veggetti 2001) . The recruitment of fast muscle fibres continues in adult stages until ~40% of the maximum body length is reached (Weatherley et al. 1988) . A total of 65 adult cod that had stopped recruiting fast muscle fibres were sampled and this subset of fish had an average body length and mass of 41.1 ± 0.5 cm and 1023 ± 48 g, respectively. ). An ANOVA model with population, PanI genotype and development temperature as variables, explained 41% of the variation in fibre number, although the effect of population was not significant. However, the effect of the PanI genotype was strongly confounded by that of population in the full data set because all the coastal population had the PanI AA genotype. A model with only development temperature and PanI genotype as variables, explained 39% of the variation, with the effects of both factors being significant (development temperature: F 2,60 = 4.29; p = 0.018; PanI genotype: F 2,60 = 10.7, p < 0.0001). Analysis of the 49 samples from the NEA population alone enabled inferences to be made about the signifi- A post-hoc Tukey's test revealed than the PanI BB genotype was associated with a significantly higher FFN than the PanI AB genotype (p = 0.001) ( Table 1 ). There was no significant difference between the 2 homozygous genotypes, perhaps due to the very low number of PanI AA alleles present in the sample. Pantophysin is an integral membrane protein found in small cytoplasmic vesicles which may play a role, albeit yet uncharacterised, in intracellular trafficking pathways (Haass et al. 1996 , Brooks et al. 2000 . The genes controlling muscle fibre number have also not been characterised, hence the mechanism linking FFN and PanI genotype is entirely unknown, although a general correlation with growth has been established (Jónsdóttir et al. 2008) .
The average FFN for the NEA population alone was 11% higher at the 4°C (92 000 ± 4000 SE, n = 13) than at the 8°C (83 000 ± 3000, n = 20) embryonic treatment, although the effect of temperature did not reach significance for this subset of the data (F 2 44 = 2.62; p = 0.084), probably due to the small sample size. Persistent effects of embryonic temperature on FFN have previously been reported for Atlantic salmon , Macqueen et al. 2008 . A potential mechanism whereby embryonic temperature could affect adult muscle growth has been identified (Macqueen et al. 2008) . In zebrafish, dye tracing experiments have shown that the somites rotate 90°starting at the midpoint of segmentation and the anterior cells migrate laterally to form a layer external to the myotomal muscle fibres (the external cell layer) (Hollway et al. 2007 ). The external cell layer in teleosts is analogous to, and has many of the functional features of, the amniote dermomyotome (Gros et al. 2005 , Relaix et al. 2005 that give rise to the skin, various pectoral fin muscles and Pax7 expressing myogenic precursors in the myotomal muscle (Hollway et al. 2007 ). Self-renewing undifferentiated Pax7 expressing cells persist in the external cell layer after hatching, and provide myogenic precursors that are utilised during larval muscle growth and remain resident in the myotome at later stages (Hollway et al. 2007 , Stellabotte et al. 2007 ). Morpholino knock-down experiments of the master transcription factors involved in myogenic lineage specification, myoD and myf5, resulted in an increase in the number of Pax3/7 expressing cells in the external cell layer of larval zebrafish (Hammond et al. 2007 ). In Atlantic salmon, heterochronies in the expression of myf5 with respect to developmental stage have been reported in embryos reared at different temperatures (Macqueen et al. 2007) . Heterochronies in the expression of myoD family members with development temperature provide a plausible mechanism for the modulation of Pax7 expressing cells in the external cell layer, hence also of the pool of myogenic stem cells available for postembryonic muscle growth. The hypothesis that temperature modulates the number of Pax7 expressing cells in the embryonic external cell layer and the present results showing differences in FFN in adult cod should be further tested in future experiments.
In summary, we found a significant difference in final fibre number between Norwegian coastal and northeast Arctic cod populations, as well as a significant effect of development temperature when the entire data set was analysed. All the NC cod studied had the PanI AA genotype compared with only 8% of the NEA population having the same genotype, heavily confounding the results. However, considering the NEA cod alone, the final fibre number was significantly higher in the PanI BB than in the PanI AB genotype. (2) 82 000 ± 4500 (6)0 105 000 ± 4500 (5) 6 NR 81 000 ± 2500 (10) 83 000 ± 5000 (7) 8 82 000 (2) 77 500 ± 2500 (11) 92 000 ± 5000 (7) NC 6 71 000 ± 2500 (16) NR NR 
